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(54) Twisted nematic liquid crystal device 

(57) A twisted nematic liquid crystal device has a liq- 
uid crystal layer 20 between a pair of alignment layers 
22 and 24. Glass plates 30 and 32 with electrodes 26 
and 28 are disposed on opposite sides of the layers 20. 
22 and 24. The alignment layers 22 and 24 have their 
alignment directions disposed mutually perpendicular 



and at ±45'* with respect to adjacent linear polarisers 34 
and 36. The pretilt angle of liquid crystal molecules in a 
surface region 20a of the layer 20 adjacent the align- 
ment layer 22 is different to that of liquid crystal mole- 
cules in a surface region 20c of the layer 20 adjacent 
the alignment layer 24 (Fig. 1). 
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Description 

This Invention relates to a twisted nematic liquid 
crystal device which Is suitable as an optical shutter for 
alpha-numeric or pixellated liquid crystal displays, which 
may be of the active matrix drive type, for use in televi- 
sion, imaging, virtual reality, projecting displays and 
computer screens, for example. 

Twisted nematic liquid crystal devices commonly 
comprise a twisted nematic liquid crystal layer, first and 
second alignment layers disposed on opposite sides of 
the liquid crystal layer, and electrodes for applying a volt- 
age across selected regions of the liquid crystal layer. 
In the case of devices which are to be used in transmis- 
sive mode, the liquid crystal and alignment layers are 
disposed between first and second linear polarisers. 
The polarisation axes of such linear polarisers may be 
arranged mutually parallel or mutually perpendicular In 
the case of liquid crystal devices to be used In reflective 
mode, a linear polariser and a reflector are disposed on 
opposite sides of the liquid crystal and alignment layers. 
The twisted nematic liquid crystal layer acts as an optical 
wave guide and serves to rotate the polarisation vector 
of incoming, light through an angle (typically 90°) as it 
traverses the layer. By controlling the voltage applied to 
the electrodes, the device can be switched between light 
and dark states depending upon whether or not the po- 
larisation vector Is aligned with the polarisation axis of 
the polariser receiving the light which has passed 
through the liquid crystal layer 

The alignment layers are provided to ensure that 
the nematic liquid crystals have the required twisted 
structure In the zero voltage state of the device. This is 
achieved In known manner by rubbing or other align- 
ment technique, e.g. by application of a chemical such 
as a surfactant to the surface of the alignment layer, be- 
fore contacting It with the liquid crystal material. In ad- 
dition to being aligned with the alignment direction of the 
adjacent alignment layer, the liquid crystal molecules 
are also tilted up from the surface of the adjacent align- 
ment layers at an angle which is referred to as the pretilt 
angle (Gp). 

The rubbing direction is normally either parallel or 
perpendicular to the polarisation axis of the adjacent po- 
lariser, although some supertwisted nematic liquid crys- 
tal devices have different polariser orientations. 

Thus, twisted nematic liquid crystal devices normal- 
ly act to rotate or guide the polarisation vector, as noted 
above. 

Other types of liquid crystal device use optical re- 
tardation as opposed to guiding of the incoming light. 
Examples of such retardation-mode devices are the Pl- 
cell and surface-stabilised ferroelectric liquid crystal dis- 
plays. The liquid crystal layers in such devices behave 
as optical retarders and are placed at 45* to the polari- 
sation axis of the or each linear polariser Different po- 
larisation states of light passing through an optical re- 
tarder suffer differing phase shifts, with the net result 



that light which has traversed such a layer will have a 
different polarisation state. For example, a quarter-wave 
optical retarder converts Incoming linear polarised light 
at 45° to Its optic axis, to outgoing circular polarised 
s light. Similarly, a half-wave optical retarder with Its optic 
axis at 45° to the vertical, converts a linear vertical po- 
larisation state to a horizontal polarisation state. 

Voltages applied to either type of device (guiding or 
optical retardation) affect the orientation of the liquid 
10 crystal molecules and so control the optical properties 
of the liquid crystal layer In the case of twisted nematic 
liquid crystal devices, a voltage may be used to deter- 
mine whether or not guiding takes place, and some in- 
termediate states of imperfect guiding can also be ac- 
15 cessed to achieve greyscale. In the case of optical re- 
tardation-type devices used in, say, transmissive mode, 
voltages are chosen which switch the device between 
approximately half wave and zero retardations, with in- 
termediate values of optical retardation to provide grey- 
20 scale being accessible. 

In the following description, references to operation 
between zero and half or quarter wave optical retarda- 
tion will be readily understood by those skilled in the art 
as being the ideal operation to be achieved. In practice, 
2S devices are seldom capable of achieving perfect zero, 
half or quarter wave optical retardation and so referenc- 
es hereinafter to zero, half and quarter wave optical re- 
tardation are to be interpreted as covering practical de- 
vices which will normally be operated at as near to these 
30 optical retardations as Is practicably possible. 

S. Matsumoto et al (J. Appl. Phys., vol 47. No. 9, 
September 1 976, pages 3842-3845) and F J Kahn, (Ap- 
pl. Phys. Lett., Vol 22, No. 3, February 1993, pages 
111-113) disclose electrically tunable, optical retarda- 
3S tlon-type (or birefringence) devices having approxi- 
mately zero pretilt on one alignment surface and 90** 
(homeotropic) pretilt on the other alignment surface. 
However, such devices have found limited application 
and place restrictions on the types of alignment surfaces 
40 and upon the voltages employable to switch the devices 
between states. 

US-A-4385806 discloses nematic liquid crystal de- 
vices where separate, fixed (i.e. non-switchable) retar- 
dation plates with mutually perpendicular axes are pro- 
45 vided externally of the liquid crystal cell between one of 
the polarisers and one of the alignment plates in a trans- 
mission type device having parallel rubbed alignment 
surfaces. There is also disclosed a device In which the 
alignment plates are rubbed In such a fashion that, when 
so viewed from the side, the liquid crystal molecules adja- 
cent the two alignment plates lie in a single plane and 
are tilted in opposite directions at the same pretilt angle. 
However, with this latter device, US-A-4385806 teaches 
the preferred use of a pair of separate, additional mutu- 
ally perpendicular retardation plates parallel to the front 
and rear polarisers in order to increase the viewing an- 
gle. 

P D Berezin et al (Sov J. Quant. Electron., Vol 3 (1 ) 
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pages 78/79, 1973) disclose use of a nematic liquid 
crystal layer, aligned at 45** between crossed polarisers. 
as an electrically switchable optical retarder which can 
alter the phase delay from 0 to n. However, there is no 
disclosure of the pretilt angle employed. 

US-A-4635051 discloses an electro-optical light 
gate, with a liquid crystal element comprising a pair of 
optical retarders disposed in substantially mutually par- 
allel relation, with the projection of the optic axes orthog- 
onally related and disposed at 45° relative to the polar- 
ising axes of a pair of polarising filters. The optical re- 
tarders can be operated as zero to substantially half- 
wave optical retarders. The use of a Pi-cell as each op- 
tical retarder is described, wherein the pre-tilt angles at 
the alignment surfaces are the same, with pre-tilt angles 
of between 2" and 5" being preferred in one embodi- 
ment, and a range of 10 to 30°, preferably 15 to 25**, 
being used for another embodiment. 

EP-A-0467456 discloses a method of providing a 
surface alignment layer for use in liquid crystal display 
ceils where the alignment layer consists of a liquid crys- 
tal in which at least some of the molecules have a per- 
manently fixed orientation. 

EP-A-0549283 discloses liquid crystal display de- 
vices in which a twisted nematic liquid crystal layer is 
disposed between first and second transparent glass 
plates with polarisers and alignment layers. The align- 
ment layers define a plurality of minute unit regions in 
the liquid crystal layer, with each region being subdivid- 
ed into first and second different liquid crystal aligning 
domains. The alignment layers are arranged and treat- 
ed so that, in each first liquid crystal aligning domain, 
molecules of the liquid crystal layer near the first align- 
ment layer are aligned along a first line with a first pretilt 
direction and a first pretilt angle, and molecules of the 
liquid crystal near the second alignment layer are 
aligned along a second line perpendicular to the first line 
with a second pretilt direction and second pretilt angle. 
The second pretilt direction is generally opposite to the 
first pretilt direction and the first pretilt angle is larger 
than the second pretilt angle. In each second liquid crys- 
tal aligning domain, the molecules of the liquid crystal 
layer are similarly aligned to those in the first liquid crys- 
tal aligning domain near the second alignment layer but 
are aligned near the first alignment layer along the first 
line with the second pretilt direction and the first pretilt 
angle. This improves the viewing angle of the display 
In use, molecules of the liquid crystal located interme- 
diately between the alignment layers rise in accordance 
with the first pretilt angle when a voltage is applied 
across the liquid crystal layer. The optical characteristic 
of the liquid crystal is stated to depend upon the behav- 
iour of these intermediate liquid crystal molecules. 

US-A-5280375 discloses liquid crystal display de- 
vices having a liquid crystal panel and comprising a 
twisted nematic liquid crystal layer between first and 
second substrates. First and second alignment layers 
are formed on the first and second substrates, respec- 



tively, with first and second pre-tilt angles, with the sec- 
ond pre-tilt angle being smaller than the first. A third 
alignment layer is provided on the second substrate 
near to the second alignment layer and has a third pre- 
5 tilt angle which is greater than the first. The liquid crystal 
panel is oriented so as to have a helical structure ex- 
tending in a predetemnined direction by the effect of the 
pre-tilt angles if nematic liquid crystal material having no 
tilt were to be filled in the space between the first and 
10 second substrates. However, the liquid crystal material 
actually filling such space has a twisting power effective 
to render the liquid crystal panel to be oriented so as to 
have a helical structure extending in a direction counter 
to said predetermined direction. This results in an ar- 
ts rangement wherein the liquid crystal molecules at the 
centre of the liquid crystal layer in regions associated 
with the second and third alignment layers, respectively, 
are tilted in opposite directions thereby reducing bright- 
ness changes as the viewing angle varies in the upward/ 
20 downward viewing angle direction. 

EP-A-0699938 discloses the use of a retarding lay- 
er disposed between a liquid crystal layer and a polari- 
sation-conserving reflector, wherein the retarding layer 
is preferably in contact with the liquid crystal layer. 
25 EP-A-0616240 discloses an active matrix liquid 

crystal display in which the nematic liquid crystal layer 
has a positive dielectric anisotropy and is disposed be- 
tween alignment layers arranged so that the liquid crys- 
tal molecule pretilt angles at the surfaces of the first and 
30 second alignment layers are substantially parallel to 
each other. 

It is an object of the present invention to provide a 
twisted nematic liquid crystal device which is capable of 
being used in a wide range of applications. 

35 According to the present invention, there is provid- 
ed a twisted nematic liquid crystal device comprising a 
twisted nematic liquid crystal layer; first and second 
alignment layers disposed on opposite sides of the liquid 
crystal layer, the first and second alignment layers hav- 

40 ing respective alignment directions which are mutually 
perpendicularly disposed so as to induce a substantially 
90** twisted structure in the liquid crystal layer; a first lin- 
ear polariser which is disposed on the opposite side of 
the first alignment layer to the liquid crystal layer and 

45 which has a polarisation axis disposed at an angle of 
substantially ±45* relative to the alignment direction of 
the first alignment layer; and electrodes for applying a 
voltage across the liquid crystal layer; wherein liquid 
crystal molecules in surface regions of the liquid crystal 

so layer adjacent the respective alignment layers have 
pretilt angles which are greater than 0° and less than 
90'; and wherein the pretilt angle of the liquid.crystal 
molecules in the surface region adjacent the first align- 
ment layer is different to that of the liquid crystal mole- 

55 cules in the surface region adjacent the second align- 
ment layer 

By arranging for the pretilt angles in the respective 
surface regions to be un-equal. when a finite voltage is 
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applied across the electrodes, the liquid crystal mole- 
cules in a central region of the liquid crystal layer begin 
to align in the direction of the electric field whilst the sur- 
face regions of the liquid crystal layer adjacent the align- 
ment layers begin to resemble two un-twisted optical re- 
tarders which are mutually perpendicular but non-iden- 
tical since the pretilt angles are unequal. 

Since these optical retarders are mutually perpen- 
dicular to one another, the overall birefringence of the 
liquid crystal layer is found by subtracting the values of 
the optical retarders (or wave plates) from one another. 
By varying the voltage applied across the liquid crystal 
layer the thicknesses of these wave plates can be var- 
ied, and hence the total birefringence of the device can 
be continuously tuned. The precise voltage causing a 
given birefringence will depend in part upon the pretilt 
angles in the two surface regions. Thus, the device ac- 
cording to the present invention is a tunable birefrin- 
gence device with asymmetric surface pretilt angles 
having a 90'' twisted structure in the zero voltage state. 
Operation is between finite voltage states, with the liquid 
crystal structure corresponding to two un-equal crossed 
optical retarders. 

Thus, preferably, at least one voltage supply means 
is connected with the electrodes and is arranged so that, 
in use, the device is operated between finite voltage 
states with the liquid crystal molecules in the surface 
regions acting as two mutually perpendicular, unequal 
optical retarders optically decoupled by liquid crystal 
molecules in a central region of the liquid crystal layer 
The present invention has the advantage of Incor- 
porating two crossed (and hence subtracting) switcha- 
ble retarding elements in a single device. In contrast, 
US-A-4385806 discloses a device operating by switch- 
ing surface regions of liquid crystal which act as two anti- 
parallel (and hence adding) optical retarders. In such 
cases, a zero retardation state is normally only obtained 
at high voltages or by use of further mutually perpendic- 
ular retarding plates. The necessity for these further mu- 
tually perpendicular retarding plates causes difficulty in 
fabricating such an element within a liquid crystal cell. 
For example, a typical retarder consisting of aligned pol- 
ymer chains which, if used jointly as an optical retarder 
and alignment surface within the liquid crystal cell, will 
tend to align liquid crystal molecules parallel to its optic 
axis, and not perpendicular to the polymer chains, as 
required by the device of US-A-4385806. 

The use of un-equal pretilt angles in the liquid crys- 
tal molecules in the surface regions adjacent the two 
alignment layers as in the present invention enables a 
birefringence-mode operation over a wide range of volt- 
ages. A conventional twisted nematic device consisting 
of two equal pretilt surfaces set at 90° to one another, 
has zero birefringence above the voltage at which the 
structure corresponds to two crossed optical retarders, 
since these optical retarders are by definition Identical 
and hence always subtract to zero optical retardation. 
In principle, any difference in pretilt angle between 



the two surfaces is sufficient for a birefringence opera- 
tion. This allows a wider choice of alignment surfaces 
than is available for the device described by F J Kahn 
(supra) which uses two surfaces, one with zero pretilt 
5 and one of 90** pretilt. 

The pretilt angles in the device of the present inven- 
tion may be between about 1 and about 89°, preferably 
between about 1° and about 87°. In one embodiment, 
the pretilt angle adjacent one of the alignment layers is 
10 about 3° and the pretilt angle of the liquid crystal mole- 
cules adjacent the other alignment layer is about 70°. In 
another embodiment, one of the pretilt angles is about 
3° and the other pretilt angle is about 30°. However, the 
difference in pretilt angles is typically greater than about 
^5 3°, preferably greater than about 10° and most prefer- 
ably greater than about 20°. A difference in the pretilt 
angles is needed to enable a difference in optical thick- 
ness (An.d) of the surface regions of the liquid crystal 
layer to be attained. For example, if the difference in the 
20 pretilt angles is small, then at least one of the surface 
layers can be very thick or consist of a high An material 
so as to enable a half-wave difference to be accumulat- 
ed over their thicknesses. The optical thickness can be 
tuned as desired by appropriately tuning the pretilt an- 
2S gle, the surface layer thickness or the An, or by a com- 
bination of one or more of these. The choice of route 
depends upon the intended use of the device. For ex- 
ample, high An materials tend to have a high dielectric 
anisotropy which improves their response to electric 
30 fields, but such materials also tend to have a high vis- 
cosity, which reduces switching speed. 

In order to ensure that the optical retarders defined 
in use by the surface regions of the optical layers are 
decoupled, the overall thickness of the liquid crystal lay- 
3S er is preferably not less than about 1 \\xr\ and is typically 
in the range of 3 to 1 5 |im. 

The required difference in pretilt angles can most 
conveniently be achieved by forming the first and sec- 
ond alignment layers of different materials, for example 
^0 one of the alignment layers may be a polyimide layer 
whilst the other alignment layer may be an evaporated 
silicon oxide layer. However, it is within the scope of the 
present invention to use the same materials and to uti- 
lise a different rubbing or other alignment procedure to 
45 produce the required difference in pretilt angles. 

The present invention is applicable to devices in- 
tended to be operated in transmisslve mode. In which 
case, the device will further comprise a second linear 
polariser which is disposed on the opposite side of the 
so second alignment layer to the liquid crystal layer and 
which has a polarisation axis disposed at an angle of 
substantially +45° relative to the alignment direction of 
the second alignment layer. In such a case, the device 
will be operated at or between two finite voltages, one 
55 producing a net substantially half-wave optical retarda- 
tion (for a given wavelength of light) and the other giving 
a substantially zero optical retardation. Operation at 
voltage levels intermediate these two finite voltages will 
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give a greyscale which may be required for certain ap- 
plications. 

The present invention is also applicable to devices 
intended to be operated in a reflective mode, in which 
case a reflector will be disposed on the opposite side of 5 
the second alignment layer to the liquid crystal layer. In 
such a case, the device will be operated at or between 
two finite voltages, one producing a net substantially 
quarter-wave retardation (for a given wavelength of 
light) and the other giving substantially zero retardation. io 
It will be appreciated that, in reflective mode, reflection 
of light in both directions through the liquid crystal layer 
will produce an overall substantially halt-wave optical re- 
tardation. 

The liquid crystal layer may be constituted by twist- ^5 
ed (or chiral) nematic liquid crystal molecules or a chiral 
dopant may be incorporated in the liquid crystal In order 
to stabilise one twist state over the other in the 90** twist- 
ed structure. Almost any nematic liquid crystal materials 
can be used in the present invention. Typical examples 20 
are E7, a nematic liquid crystal material composed pre- 
dominantly ot cyanobiphenyl compounds, available 
from Merck; BL037, a high birefringence material; and 
ZLI4792, a material designed for use in thin-film transis- 
tor twisted nematic (TFT TN) devices. 

It is also within the scope of the present invention 
to incorporate at least one additional fixed (passive) op- 
tical retarder in conjunction with the liquid crystal cell to 
reduce the voltage at which the zero optical retardation 
state is obtained. This fixed optical retarder may be ex- 30 
ternal or internal to the liquid crystal cell. The use of a 
fixed: in-cell optical retarder is of advantage when using 
the device in reflective mode since problems of parallax 
between the liquid crystal and the fixed optical retarder 
are reduced. The fixed in-cell optical retarder may be of 35 
the type disclosed in EP-A-0699938. 

Embodiments of the present invention will now be 
described, by way of example, with reference to the ac- 
companying drawings, in which: - 

40 

Fig 1 is an exploded perspective view of a liquid 
crystal display element forming one embodiment of 
liquid crystal device according to the present inven- 
tion, 

45 

Fig 2 is a cross-sectional view of the liquid crystal 
structure illustrated in Fig 1 under an applied field, 

Fig 3 is a graph in which transmission is plotted 
against wavelength for the device of Figs 1 and 2 50 
under an applied voltage of 2.2 Vrms and with mu- 
tually parallel linear polarisers, 

Fig 4 is a graph in which transmission is plotted 
against wavelength for a device of the type illustrat- 55 
ed in Figs 1 and 2 where the applied voltage is 10 
Vrms and with the mutually parallel linear polaris- 
ers. 



Fig 5 is a schematic cross-sectional view ot a liquid 
crystal device according to the present invention 
designed for use in reflective mode. 

Fig 6 is a schematic exploded perspective view 
showing the polarisation effect produced by three 
optical retarders. 

Fig 7 is a cross-sectional view of a liquid crystal de- 
posited on a polyimide alignment surface, with the 
other surface of the liquid crystal being free. 

Fig 8 is a view similar to that of Fig 7 but with a thin- 
ner liquid crystal layer. 

Fig 9 is a graph showing the variation of optical re- 
tardation of a nematic/polymer layer with concen- 
tration of spun solution, 

Fig 10 is a graph showing the variation of prelilt an- 
gle of the same nematic/polymer layer as used for 
Fig 9, with concentration of spun solution. 

Fig 11 is a graph showing the variation of transmis- 
sion with voltage of a nematic/polymer aligned de- 
vice where the linear polarisers are mutually per- 
pendicular, 

Fig 1 2 is a graph showing the variation of transmis- 
sion with wavelength of the same nematic/polymer 
aligned device as used for Fig 11, wherein the ap- 
plied voltage is 2.05 Vrms and the linear polarisers 
are mutually perpendicular, and 

Fig 1 3 is a graph showing the variation of transmis- 
sion with wavelength of the same nematic/polymer 
aligned device as used for Figs 11 and 12. wherein 
the applied voltage is 5 Vrms and the linear polar- 
isers are mutually perpendicular. 

Referring now to Fig 1 of the drawings, the twisted 
nematic liquid crystal device comprises a cell in which 
a nematic liquid crystal layer 20 is disposed between 
first and second alignment layers 22 and 24, respective- 
ly. The first and second alignment layers 22 and 24 have 
their respective alignment directions mutually perpen- 
dicularly disposed so as to induce a 90** twisted struc- 
ture in the liquid crystal layer 20. In Fig 1 , the alignment 
distribution ot liquid crystal molecules across the thick- 
ness of the layer 20 at zero voltage state is shown typ- 
ically at regions 20a, 20b and 20c. As schematically il- 
lustrated in Fig 1 (which shows the device at zero ap- 
plied voltage), the liquid crystal molecules in surface re- 
gion 20a adjacent first alignment layer 22 have their di- 
rectors aligned with the alignment direction of the first 
alignment layer 22, whilst the liquid crystal molecules in 
the surface region 20c adjacent the second alignment 
layer 24 have their directors aligned with the alignment 
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direction of the second alignment layer 24. The align- 
ment directions of the alignnnent layers 22 and 24 are 
shown by the arrows thereon. 

As also shown In Fig 1, and in accordance with the 
present invention, the pretilt angles Bp (i.e. the angles 
at which the liquid crystal nriolecules in the surface re- 
gions 20a and 20c, respectively, are tilted away from the 
respective layers) are different, the pretilt angle of the 
molecules in region 20a being much less than the pretilt 
angle of the molecules in region 20c. The tilt angles of 
the molecules in the regions 20a, 20b and 20c across 
the thickness of the layer 20 varies continuously and 
smoothly in the zero voltage state. 

The cell of the device of Fig 1 also includes first and 
second transparent conducting electrodes 26 and 28 
which are provided on opposite sides of the assembly 
of layers 20. 22 and 24 and which are defined by coat- 
ings on first and second transparent glass plates 30 and 
32, respectively. In accordance with usual practice, 
these glass plates 30 and 32 are spaced apart using 
appropriately positioned spacers (e.g spheres, fibres or 
strips) so that the liquid crystal material can be intro- 
duced between the alignment layers 22 and 24 in the 
usual way. The electrode layers 26 and 28 may be con- 
figured in any desired manner known perse to enable 
a variable voltage to be applied across all or selected 
parts of the liquid crystal layer 20. The electrode layers 
26 and 28 may, for example, be configured in a manner 
known perse for an active matrix drive or a passive ma- 
trix drive to individually addressable pixels. Thus, non- 
linear/semiconducting electrical elements, such as thin- 
film transistors or diodes, can be included in the layer 
structure of the device. 

The device of Fig 1 further includes first and second 
linear polarlsers 34 and 36 whose polarisation axes are 
mutually perpendicularly disposed, as indicated by the 
double-headed arrows thereon. As can be seen from Fig 
1 , the first polariser 34 is disposed on the opposite side 
of the first alignment layer 22 to the liquid crystal layer 
20 and has its polarisation axis disposed at 45** to the 
alignment direction of the alignment layer 22. Likewise, 
the second polariser 36 (which acts in use as an ana- 
lyser) is disposed on the opposite side of the second 
alignment layer 24 to the liquid crystal layer 20 and has 
its polarisation axis disposed at 45** with respect to the 
alignment direction of the second alignment layer 24. In 
a modification (not shown), one of the polarisers 34 and 
36 is orientated through 90** to that shown in Fig 1 so 
that its polarisation axis is parallel to that of the other 
polariser. 

The electrodes 26 and 28 are electrically connected 
toa variable voltage driver 38 or to a number of electrical 
drivers, situated at the ends of rows and columns in the 
case of a multi-pixel display. 

As noted above, the liquid crystal layer 20 illustrated 
in Fig 1 is shown at zero applied voltage, and the tilt of 
the molecules in the regions 20a, 20b and 20c varies 
smoothly across the thickness of the layer 20. If a finite 



voltage is applied across the electrodes 26 and 28 using 
the driver 38, the molecules in the central region 20b of 
the layer 20 begin to align along the direction of the elec- 
tric field and so become effectively homeotropic, and the 
s surface regions 20a and 20c begin to resemble two un- 
twisted optical retarders orientated at 90^ with respect 
to one another (see Fig 2) and are optically decoupled 
by the central region 20b. These two optical retarders 
(or wave plates) are non-Identical since the pretilt angles 
10 at the two surfaces have been deliberately made un- 
equal. In Fig 2, the liquid crystal molecules 20a are sym- 
bolically shown as nails with heads, with the nail heads 
being tilted towards the viewer and the nail points tilting 
away. 

^5 Since these two wave plates are aligned at 90° to 
one another, the overall birefringence of the liquid crys- 
tal cell can be found by subtracting the values of the 
birefringence in the surface regions 20a and 20c. By var- 
ying the voltage applied across the liquid crystal layer 
^0 20, the thicknesses of the surface regions 20a and 20c 
can be varied, and hence the total birefringence of the 
device can be continuously tuned. The precise voltage 
causing a given birefringence depends in part upon the 
pretilt angles of the molecules in the surface regbns 20a 
25 and 20c. For the device illustrated in Fig 2, a half-wave 
retardation is obtained at a voltage at which the differ- 
ence in optical retardation of the surface regions 20a 
and 20c is a half-wavelength. Zero optical retardation is 
obtained at high voltage when all of the molecules of the 
30 liquid crystal layer 20 are aligned with the field direction 
and hence are aligned orthogonal to the incoming po- 
larisation state of the light. By varying the voltage ap- 
plied across the liquid crystal layer between the two volt- 
ages corresponding to half wave and nearly zero optical 
35 retardation, a variation between maximum transmission 
and maximum extinction of light was observed. Interme- 
diate voltage levels produced intermediate levels of 
grey. 

In a first example, a device similar to that of Fig 1 
40 was constructed where the nematic liquid crystal mate- 
rial of the layer 20 was E7 (Merck). The first alignment 
layer 22 was a rubbed polylmide producing a pretilt an- 
gle of about 3^ Evaporated silicon oxide formed the sec- 
ond alignment layer 24, with a pretilt angle of about 30^. 
45 The glass plates 30 and 32 were spaced about 10 |im 
apart using glass spacer beads (not shown). A 1 kHz 
square wave voltage was applied across the liquid crys- 
tal layer 20 via the electrodes 26 and 28 by the driver 
38. Fig 3 shows the transmission of the device for a 2.2 
50 Vrms square wave with the liquid crystal cell approxi- 
mating to a half-wave optical retarder at about 530 nm. 
Fig 4 shows the transmission of the same device for a 
10 Vrms square wave, with the liquid crystal cell approx- 
imating to a zero optical retarder. 
55 Referring now to Fig 5 of the drawings, the device 
illustrated therein is of a similar construction to that of 
Figs 1 and 2 and similar parts are accorded the same 
reference numerals. However, the device of Fig 5 is de- 
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signed for use in reflective mode and so the second po- 
lariser 36 is omitted and the second glass plate 32 is 
provided with a reflective film thereon to act as a mirror. 
If desired, the second electrode layer 28 may form the 
mirror. The device of Fig 5 is operated between two finite 
voltages, one producing a net quarter wave optical re- 
tardation for a given wavelength of light and the other 
producing a zero optical retardation. Incoming light is 
polarised by the linear polariser 34 and, as the light 
traverses the liquid crystal layer 20, it acquires a net op- 
tical retardation of zero or a quarter wave depending up- 
on the voltage applied across the electrodes 26 and 26. 
After reflection by the mirror at the second plate 32, the 
light re-crosses the liquid crystal layer 20. thereby pick- 
ing up a further optical retardation of either zero or a 
quarter wave. Light arriving back at the linear polariser 
34 with net zero optical retardation will be transmitted 
since its polarisation state will have been unchanged by 
passage through the liquid crystal layer 20. However, 
light arriving back at the linear polariser 34 with a net 
half wave optical retardation will be extinguished as its 
polarisation state will have been rotated through 90°. 

The device of the present invention can incorporate 
a third, fixed (or passive) optical retarder which is used 
in conjunction with the variable (or active) optical retar- 
dation imparted by the liquid crystal layer 20 in order to 
reduce the voltage at which the zero optical retardation 
state is obtained. This fixed optical retarder may be ex- 
ternal or internal to the liquid crystal cell. Fig 6 shows 
the principle of using a third optical retarder 40 which is 
shown in conjunction with the optical retarders defined 
in use by the surface regions 20a and 20c of the liquid 
crystal layer 20. For convenience, these latter optical 
retarders will be referred to hereinafter as optical retard- 
ers 20a and 20c. Suppose the retardation of the optical 
retarder 20a is larger than that of the optical retarder 
20c. In practice, the surface region of the liquid crystal 
layer with the higher pretilt angle will exhibit the lower 
retardation to light incident normal to the glass plates 30 
and 32. The retardation of these two optical retarders 
20a and 20c taken together is found by subtracting the 
retardation of optical retarder 20c from that of optical 
retarder 20a and has an optic axis lying in the same di- 
rection as that of the latter since this is the dominant 
optical retarder. By adding the third optical retarder 40, 
which has its optic axis aligned with that of the optical 
retarder 20c, and with a retardation equal to the differ- 
ence in retardation of retarders 20a and 20c, the net re- 
tardation of the three optical retarders can be made to 
equal zero. Thus, the use of a third optical retarder 40 
allows a zero optical retardation state to be obtained 
from the device without the need for all molecules in the 
liquid crystal to align along the direction of the field, i.e. 
in practice without the need for large voltages. 

The third optical retarder 40 may be an external el- 
ement which can be attached, for example, by adhesive, 
to the outer face of the first glass plate 30 illustrated in 
Fig 1. Alternatively, the third optical retarder 40 may lie 



inside the liquid crystal cell defined between the first and 
second plates 32. This latter arrangement has the ad- 
vantage of reducing problems of parallax associated 
with optical retarders placed outside the liquid crystal 
5 cell. Further, an in-cell fixed optical retarder can be of 
such design that it also acts as one of the alignment lay- 
ers 22 and 24. Attention is drawn in this regard to EP- 
A-0699938 whose disclosure is included herein by ref- 
erence and which discloses the use of an internal optical 
10 retarder with a liquid crystal display without reference to 
the type of alignment which such an element might in- 
duce in a liquid crystal layer. For example, the fixed op- 
tical retarder 40 might serve the function of the second 
alignment layer 26. 
15 Referring now to Fig 7, there is shown an assembly 
of glass plate 42 (with electrode - not shown), alignment 
layer 44, and liquid crystal layer 46 which can be used 
to replace the second substrate 32, second electrode 
28 and second alignment layer 24 in the device of Fig 
20 1 . Glass plate 42, which is partly coated with a transpar- 
ent electrode, e.g. of indium tin oxide (ITO), has a thin 
layer 44 of a polyimide spin coated onto it in a manner 
known per se. This polyimide layer 44 is rubbed to pro- 
vide an alignment surface for liquid crystal layer 46. A 
25 mixture of a nematic liquid crystal material (for example 
E7 from Merck) and an aery late -based material (for ex- 
ample RM82 from BDH Limited; RM253 from Merck or 
RM308 from Merck) is then spin coated as a thin (typi- 
cally approximately 100 nm) layer 46 onto the rubbed 
30 polyimide surface 44. The nematic component of the 
spun mixture is aligned by the surface of the underlying 
polyimide layer 44, and is pretilted at such surface by a 
small angle (typically about 3*). The other surface 48 of 
the layer 46 is a free surface and is kept under a nitrogen 
35 atmosphere. At the surface 48, the liquid crystal mole- 
cules adopt a high pretilt angle which is typically greater 
than 70*. Thus, the nematic component of the thin spun 
layer 46 tends to adopt a tilt which varies continuously 
throughout its thickness from the small pretilt angle de- 
40 fined at the surface of the underlying polyimide layer 44 
to the much higher pretilt angle adopted at the surface 
48. The actual pretilt angle adopted by the liquid crystal 
molecules at the gas/liquid crystal interface is depend- 
ent upon the type of liquid crystal, the type of gas and 
45 the presence of any external magnetic or electric fields 
etc. In addition, the pretilt angle at such interface will 
depend upon the proximity of the underfying polyimide 
layer 44 (i.e. on the thickness of the spun layer 46). As 
can be seen from Fig 8, the thinner layer 46 produces 
50 a smaller pretilt angle at the surface 48. 

Exposing the nennatic/acrylate mixture to UV light 
induces the acrylate component to undergo a photo- 
chemical reaction to convert the low molar mass acr- 
ylate to a polymer. The polymer so formed acts to fix the 
55 orientation and tilt structure of the liquid crystal mole- 
cules in the layer 46 permanently. Thus, following UV 
illumination, a thin nematic/polymer layer 46 results hav- 
ing an exposed surface 48 in which at least some of the 
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nematic molecules are fixed and pretilted at some angle 
which is determined by the thickness of the layer 46 
Thus, the pretilt angle can be tuned as desired, and such 
layer can then be used to define one of the alignment 
surfaces 22 and 24 for the bulk liquid crystal layer 20 in 
the device. 

Besides providing a pretilted alignment surface for 
the bulk liquid crystal layer 20, the thin nematic/acrylate 
polymer layer 46 described in relation of Figs 7 and 8 is 
also inherently birefringent and thereby serves as the 
third optical retarder as noted above. The combination 
of these features is advantageous in the device accord- 
ing to the present invention where the first and second 
alignment layers 22 and 24 are mutually perpendicularly 
disposed. If the two alignment layers 22 and 24 were 
mutually parallel or anti-parallel as in a typical pi-cell or 
a Freedericksz device, the fixed optical retarder de- 
scribed with reference to Figs 7 and 8 would actually be 
counterproductive to the achievement of zero optical re- 
tardation at low voltages. 

Fig 9 shows the variation in optical retardation of a 
thin layer of E7 and RM82 in a percent weight ratio of 
90:10. The x-axis shows the concentration of the 
E7/RM82 mixture in THF (tetrahydrofuran) which 
formed the solvent during spin coating of the layer Spin- 
ning was performed at 2000 rpm for 1 0 seconds forming 
a coating onto ITO-glass plates pre-coated with polylm- 
ide and rubbed. The layers were then UV cured under 
a nitrogen gas flow for 10 minutes before recording the 
values of retardation plotted. Fig 10 shows the pretilt an- 
gle adopted by the liquid crystal E7 when deposited onto 
such E7/RM82 alignment surfaces. 

In a further example, a device similar to that of Fig 
1 was constructed to demonstrate the use of an align- 
ment layer which has both a high pretilt and an optical 
retardation. In this example, a rubbed polyimide with a 
pretilt angle of about 3° was used as the first alignment 
layer 22, whilst the second alignment layer 24 consisted 
of a layer of ru bbed polyimide with a pretilt angle of about 
3°, onto which had been spun a layer of E7 liquid crystal 
and RM82 acrylate in a 90:10 weight ratio. The 
E7/RM82 mixture was spun at 2000 rpm for 1 0 seconds 
from a THF solvent using 20 wt% of the mixture in THF 
The spun layer was exposed to UV light for 10 minutes 
under a nitrogen atmosphere. This produced a thin 
E7/RM82 polymer alignment layer with a fixed optical 
retardation of about 110 nm. E7 was used as the liquid 
crystal material in the layer 20. The pretilt angle with the 
second alignment layer 24 produced as described 
above was about 70^ The first and second linear polar- 
isers 34 and 36 had their polarisation axes mutually per- 
pendicular, with the polarisation axis of the first polariser 
34 being disposed at 45° to the rubbing direction of the 
polyimide alignment surface 22. 

A 1 kHz square wave was applied to the liquid crys- 
tal. Fig 11 shows the transmission of light of wavelength 
550 nm through the device as a function of applied volt- 
age. Fig 12 shows the variation of transmission of the 



device with wavelength of light for an applied voltage of 
2.05 Vrms with the device between polarisers approxi- 
mating as a half wave retarder. Fig 1 3 shows the trans- 
mission at 5 Vrms with the device approximating as a 
5 zero-wave optical retarder. 

As can be deduced from Fig 1 2, it is advantageous 
to form an internal fixed optical retarder from the same 
liquid crystal material (e.g. E7) as used in the bulk liquid 
crystal layer 20. Most materials disperse light, i.e. the 
to retardation value of a given optical retarder is a function 
of the wavelength at which the retardation Is measured. 
Two optical retarders made from different materials will 
therefore yield a net optical retardation which is a func- 
tion of wavelength when placed together However, in 
ts the case where the internal fixed optical retarder is pre- 
dominantly composed of the same material as the bulk 
liquid crystal layer 20, dispersion is compensated for 
and an almost achromatic zero optical retardation state 
can be achieved. 
20 The choice of material forming the in-cell fixed op- 
tical retarder is not confined to those referred to herein- 
above. It is possible, for instance, to use other photo- 
polymerising mesogens. other liquid crystals or indeed 
photo-polymerising materials which are themselves me- 
25 sogenic (i.e. show liquid crystal phases). 



Claims 

30 1. A twisted nematic liquid crystal device comprising 
a twisted nematic liquid crystal layer (20); first and 
second alignment layers (22 and 24 or 46) disposed 
on opposite sides of the liquid crystal layer (20), the 
first and second alignment layers (22 and 24 or 46) 

3S having respective alignment directions which are 
mutually perpendicularly disposed so as to induce 
a substantially 90° twisted structure in the liquid 
crystal layer (20); a first linear polariser (34) which 
is disposed on the opposite side of the first allgn- 

40 ment layer (22) to the liquid crystal layer (20) and 
which has a polarisation axis disposed at an angle 
of substantially ±45^* relative to the alignment direc- 
tion of the first alignment layer (22) ; and electrodes 
(26 and 28) for applying a voltage across the liquid 

^ crystal layer (20); wherein liquid crystal molecules 
in surface regions (20a and 20c) of the liquid crystal 
layer (20) adjacent the respective alignment layers 
(22 and 24 or 46) have pretilt angles which are 
greater than 0° and less than 90°; and wherein the 

^o pretilt angle of the liquid crystal molecules in the sur- 
face region (20a) adjacent the first alignment layer 
(22) is different to that of the liquid crystal molecules 
in the surface region (20c) adjacent the second 
alignment layer (24 or 46). 

55 

2. A device as claimed in claim 1 , wherein at least one 
voltage supply means (38) is connected with the 
electrodes (26 and 28) and is arranged so that, in 
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use, the device is operated between finite voltage 
states with the liquid crystal molecules in the sur- 
face regions (20a and 20c) acting as two mutually 
perpendicular, unequal optical retarders optically 
decoupled by liquid crystal molecules in a central 
region (20b) of the liquid crystal layer (20). 

3. A device as claimed in claim 1 or 2, further including 
a fixed optical retarder (40 or 46). 

4. A device as claimed in claim 3, wherein the fixed 
optical retarder (46) defines the second alignment 

layer. 

5. A device as claimed in claim 3 or 4, wherein the 
fixed optical retarder (40 or 46) includes a liquid 
crystal material. 



14. A device as claimed in any one of claims 1 to 11, 
which is adapted to be operated in reflective mode, 
wherein a reflector is disposed on the opposite side 
of the second alignment layer (24 or 46) to the liquid 

5 crystal layer (20). 

15. A device as claimed in claim 14, which is adapted 
to be operated at or between a voltage causing a 
net substantially zero optical retardation in the liquid 

10 crystal layer (20) and a net substantially quarter- 
wave optical retardation in the liquid crystal layer 
(20). 



IS 



6. A device as claimed in claim 5, wherein the liquid 
crystal material in the fixed optical retarder (40 or 
46) is the same as the liquid crystal material of the 
liquid crystal layer (20) between the first and second 
alignment layers (22 and 24 or 46). 

7. A device as claimed in claim 3, wherein the fixed 
optical retarder (40) is spaced from the liquid crystal 
layer (20). 

8. A device as claimed in any preceding claim, where- 
in the pretilt angles are between about 1° and about 
87". 



9. A device as claimed in any preceding claim, where- 
in the difference in the pretilt angles is greater than 
about 5*. 

10. A device as claimed in claim 9, wherein the differ- 
ence in the pretilt angles is greater than about 10**. 

11. A device as claimed in claim 10, wherein the differ- 
ence in the pretilt angles is greater than about 20**. 

12. A device as claimed in any preceding claim, which 
is adapted to be operated in transmissive mode and 
which includes a second linear polariser (36) dis- 
posed on the opposite side of the second alignment 
layer (24 or 46) to the liquid crystal layer (20) and 
which has a polarisation axis disposed at an angle 
of substantially ±45* relative to the alignment direc- 
tion of the second alignment layer (24 or 46). 

13. A device as claimed in claim 12, which is adapted 
to be operated at or between a voltage causing a 
net substantially zero optical retardation In the liquid 
crystal layer (20) and a voltage causing a net sub- 
stantially half-wave optical retardation in the liquid 
crystal layer (20). 
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(54) Twisted nematic liquid crystal device 

(57) A twiste(d nematic \\qu\6 crystal device has a liq- 
uid crystal layer 20 between a pair of alignment layers 
22 and 24. Glass plates 30 and 32 with electrodes 26 
and 28 are disposed on opposite sides of the layers 20, 
22 and 24. The alignment layers 22 and 24 have their 
alignment directions disposed mutually perpendicular 



and at ±45** with respect to adjacent linear polartsers 34 
and 36, The pretilt angle of liquid crystal molecules in a 
surface region 20a of the layer 20 adjacent the align- 
ment layer 22 is different to that of liquid crystal mole- 
cules in a surface region 20c of the layer 20 adjacent 
the alignment layer 24 (Fig. 1). 
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